Introduction
Mitochondria are the site of the tricarboxylic acid cycle and oxidative phosphorylation, the last steps of cellular respiration producing most energy required by the cell. The number of mitochondrial units in a particular cell type is determined by its energetic demand, so for example, hepatocytes possess thousands of mitochondria, whereas erythrocytes have lost all of them as their energy production relies exclusively on glycolysis. These 'mitochondrial units' have a major axis of 2-5 mm, as observed in classical electron micrographs of isolated mitochondria. In the cytosol of a living cell, these display an elongated, tubular morphology. Their shape is dynamic, continuously remodelled by cycles of fusion and fission events. These do not occur randomly, but are coordinated to respond to specific cellular needs, such as 'on-demand' transport of mitochondria at specific subcellular sites and equal division of the mitochondrial progeny between the two daughter cells during mitosis (Shaw and Nunnari, 2002) . At the same time, during the early steps of cell death, mitochondria undergo dramatic structural changes (fragmentation of the reticulum and remodelling of the cristae) that are required to insure progression of the apoptotic cascade (Scorrano, 2005) .
The search for the molecular mechanisms involved in the structural modification of mitochondria during apoptosis has raised interest on the molecular mechanisms working behind the scenes of mitochondrial shape changes, eventually leading to increased knowledge on the proteins controlling the morphology of this organelle. Several crucial questions remain open: what is the relative role of mitochondrial shape changes in the apoptotic pathways? Are these epiphenomena of the many functional changes occurring at the mitochondrial level during cell death or are these really required for apoptosis to proceed? What is their relationship with known players of the mitochondrial pathways of apoptosis, such as Bcl-2 family members? Are all these changes somehow coordinated and if yes, how? Can we identify signals that recruit these mitochondria-shaping proteins in the apoptotic cascade? Recent evidences have started to clarifying some of these questions.
The many shapes of mitochondria
In the last years, some of the principal regulators of mitochondrial shape have been identified and characterized. Pioneer work in Saccharomyces cerevisiae has been followed by the identification of orthologues in mammalian systems (Yaffe, 1999) . Both fusion and fission processes are controlled by evolutionarily conserved large GTPases belonging to the dynamin family. Dynamins are large, ubiquitous mechanoenzymes that use the free energy generated by guanine 5 0 -triphosphate (GTP) hydrolysis to exert mechanical forces on biological membranes. The prototype dynamin I is essential for synaptic vesicle endocytosis in nerve terminals, by mediating the fission of the nascent vesicle from the plasma membrane. These have evolved to also regulate the dynamic changes of intracellular membranes, including mitochondria (Praefcke and McMahon, 2004) .
In mammals, Opa1, mitofusin 1 (Mfn1) and mitofusin 2 (Mfn2) regulate fusion, whereas dynamin-related protein 1 (Drp-1, also known as Dlp1, Dvlp or Dymple) participates in mitochondrial fission.
Fusion
Opa1 is a 120 kDa GTPase located on the inner mitochondrial membrane facing the intermembrane space (Olichon et al., 2002; Satoh et al., 2003) . Opa1 has been identified as the gene mutated in familial autosomal dominant optic atrophy (ADOA), also known as type I Kjer disease, affecting mainly retinal ganglion cells and causing progressive blindness owing to the loss of these cells. The gene encoding for Opa1 is composed of 30 exons, and at least eight mRNA isoforms arising from alternative splicing and with tissue-specific expression have been identified (Delettre et al., 2001) . A total of 83 family-specific mutations have been associated with ADOA so far, and their number seems to be growing (Alexander et al., 2000; Delettre et al., 2000 Delettre et al., , 2001 Delettre et al., , 2002 Pesch et al., 2001; Thiselton et al., 2001 Thiselton et al., , 2002 Toomes et al., 2001; Marchbank et al., 2002; Shimizu et al., 2002; Amati-Bonneau et al., 2005; Ferre et al., 2005) . About half of the mutations associated with the disease are located within the GTPase domain, suggesting that pathogenesis is related to loss of function of the protein and haploinsufficiency in patients with mutation on a single allele (Ferre et al., 2005) . Indeed, ablation of Opa1 by short interfering RNA has a profound impact on cell viability, causing mitochondrial fragmentation, dissipation of mitochondrial membrane potential, ultrastructural changes and cell death (Olichon et al., 2003; Cipolat et al., 2004; Griparic et al., 2004; Chen et al., 2005) . Expression of Opa1 promotes on the other hand mitochondrial fusion, provided that the GTPase and the C-terminal coiled-coil domain of the protein are not mutated (Cipolat et al., 2004) . The requirement for the coiled-coil domain suggests that protein-protein interactions could be important for fusion mediated by Opa1. This could occur via Opa1 homo-oligomers, a situation similar to that of dynamin I (Zhang and Hinshaw, 2001) . Alternatively, Opa1 could engage in hetero-oligomers with other mitochondria-shaping proteins. This is the case of Mfns, which heteroligomerize in the outer mitochondrial membrane (Chen et al., 2003) . Whereas the former cannot be ruled out, genetic evidence supports interactions between Opa1 and Mfn1, which is required for Opa1-mediated fusion (Cipolat et al., 2004) . Mitofusin 1 is an 84 kDa integral protein of the outer mitochondrial membrane, whose genetic ablation in the mouse results in embryonic lethality and marked reduction of mitochondrial fusion (Chen et al., 2003) . Mitofusin 1 can engage in homo-oligomers, as substantiated by an elegant structural study by D Chan and colleagues: Mfn1 is required on adjacent mitochondria to mediate fusion via interactions of a heptad repeat region that mediates oligomerization of the protein (Koshiba et al., 2004) . Mitofusin 1 shows similar topology and 81% sequence homology with Mfn2, and both proteins result necessary for apposing mitochondria during fusion (Koshiba et al., 2004) . Deletion of Mfn2 in the mouse is also embryonic lethal, albeit it results in disruption of the placental trophoblast giant cell layer. Knocking down of both proteins blocks mitochondrial fusion, but embryonic fibroblasts lacking Mfn1 or Mfn2 display distinct types of fragmented mitochondria (Chen et al., 2003) . Therefore, in spite of the high homology between the two proteins, their function may not be redundant. Mutations in Mfn2 are associated with Charcot-Marie-Tooth type 2A, an inherited peripheral neuropathy (Zuchner et al., 2004; Claeys et al., 2005) . Moreover, levels of Mfn2 regulate oxidative metabolism in muscle mitochondria and are diminished in obese patients as well as in a rat model of type II diabetes (Bach et al., 2003) ; levels of Mfn2 can also control neointimal proliferation in models of hypertension . Other functional differences exist at the level of GTPase activity of the two proteins, as Mfn1 is much more efficient in hydrolyzing GTP (Ishihara et al., 2004) . This has been confirmed by the finding that Mfn2 regulates fusion independently from its GTPase activity. A constitutively active mutant of Mfn2 showing enhanced rate of nucleotide exchange but a decreased GTP hydrolysis stimulates massive fusion (Neuspiel et al., 2005) , raising the possibility that Mfn2 rather acts as a signalling GTPase.
Little is known about the molecular details of membrane fusion by Opa1 and mitofusins, but it is becoming clear that it differs from soluble N-ethylmaleimide-sensitive factor attachment protein receptor-(SNARE) mediated processes and is likely to have evolved independently (Meeusen et al., 2004; Meeusen and Nunnari, 2005) . One aspect is that outer and inner membrane fusion seem to be separated events: fusion of the outer membrane relies on low levels of GTP hydrolysis and on the existence of a proton gradient across the inner membrane, while fusion of the inner membrane requires elevated levels of GTP hydrolysis (Malka et al., 2005; Meeusen and Nunnari, 2005) . Whereas Opa1 is required for the fusion of the inner membrane, it is dispensable for fusion of the outer, which depends on the two mitofusins (Chen et al., 2005) . Residual levels of inner membrane fusion exist in single mitofusin knockout cells, whereas double Mfn1À/À, Mfn2À/À cells completely lack mixing of matricial content, an indication of inner membrane fusion (Chen et al., 2003 (Chen et al., , 2005 . This could mean that the two mitofusins converge on Opa1 to mediate fusion, suggesting that Opa1 could not distinguish between Mfn1 and Mfn2 to promote fusion. On the other hand, mitochondrial fusion is unaffected by Opa1 expression in Mfn1À/À but not Mfn2À/À cells, and Mfn2 but not Mfn1 cells promote mitochondrial elongation in cells where Opa1 has been knocked down (Cipolat et al., 2004) . Whether mitofusins can be used unselectively by Opa1 to mediate fusion of the four membranes of two juxtaposing mitochondria remains to be clarified and a conclusive answer could come from the generation of mouse models of Opa1 ablation.
A further level of complexity in the regulation of fusion is expected to come from the analysis of the role of Parl, the mammalian orthologue of the rhomboid protease rbd1p of yeast. Rhomboids are intramembrane proteases that cleave and activate a variety of membrane-inserted proteins. They participate in crucial biological processes such as Notch signalling. Considerable interest comes from the discovery that one of the members of this family of proteins is targeted to the inner mitochondrial membrane. Its ablation in yeast results in mitochondrial dysfunction, as substantiated by the petite phenotype of the deleted strains, and abnormal morphology. Both phenotypes are caused by a defect in the processing and therefore activation of the yeast orthologue of Opa1, mgm1p. The mammalian orthologue of rbd1p, Parl, is a mitochondrial protein that shares considerable homology with the yeast rbd1p, except for its N-terminus, which is highly conserved among vertebrates but has no significant homology with Parl orthologues found in lower eukaryotes. Whereas this part of the protein is self-cleaved to generate small peptides involved in mitochondrion-to-nucleus signalling (Sik et al., 2004) , whether Parl could also operate like rbd1p, activating Opa1 to maintain morphologically and functionally normal mitochondria remained to be addressed. To this end, we turned to a genetic model and we generated and analysed a ParlÀ/À mouse. The ablation of Parl did not result in embryonic lethality, but ParlÀ/À mice died between weeks 8 and 12 of muscular, thymic and splenic atrophy. Lack of Parl did not affect mitochondrial function and morphology in all the tissues analysed, but it resulted in increased degrees of apoptosis in situ and induced by intrinsic stimuli in fibroblasts derived from knockout embryos. Thus, at a major difference from yeast, the rhomboid Parl is not essential for mitochondrial fusion and function, but plays a role in controlling apoptosis . We will come later to the mechanism of Parl involvement in cell death.
Fission
Mitochondrial fission relies on Drp-1, a large cytosolic GTPase of about 82 kDa with similarities to dynamin (Labrousse et al., 1999; Smirnova et al., 2001) . Dynamin -related protein 1 is cytosolic, and under circumstances that promote fission it translocates to mitochondria, where it docks to the outer membrane by interacting with hFis1, a 17 kDa protein with a tetratricopeptide repeat (TPR) region facing into the cytosol (Mozdy et al., 2000; James et al., 2003; Suzuki et al., 2003) . The TPR domain seems to be responsible for interaction of hFis1 with Drp-1 (Yu et al., 2005) . Knocking down hFis1 expression alters mitochondrial shape and distribution, indicating that hFis1 is required for Drp-1 function on mitochondria (James et al., 2003; Yoon et al., 2003) . Furthermore, overexpression of hFis1 results in fragmented mitochondria, whereas blocking hFis1 by microinjected antibodies or by short interfering RNA results in elongated and collapsed mitochondria (James et al., 2003; Yoon et al., 2003) . The Drp-1 homologue in yeast, Dnm1, causes mitochondrial fragmentation by accumulating in foci at sites of mitochondrial division and elongating in spirals of Dnm1 oligomers that span the size of mitochondria and constrict the membranes, breaking down the tubular organelle (McNiven et al., 2000; Ingerman et al., 2005) . Similarly, dynamin I oligomerizes at the neck of nascent plasma membrane endocytotic vesicles that are undergoing fission. This suggests that all dynamin-related fission molecules may function by a common mechanism (Praefcke and McMahon, 2004) . Mammalian Drp-1 has also been shown to form tubules (Yoon et al., 2001) , but other molecules are required to organize and constrict mitochondria after formation of Drp-1 tubules. In particular, knocking down endophilin B1, a member of a family of proteins involved in endocytic vesicle formation, promotes the formation of Drp-1 tubules that elongate through the cytoplasm without breaking down the mitochondrial network (Karbowski et al., 2004b) .
How fission of the two membranes (inner and outer) is coordinated and whether it always proceeds in concert remains to be elucidated. An elegant study by the group of M Rojo has examined fusion of the two membranes and concluded that both can proceed autonomously (Malka et al., 2005) . It is conceivable that fission can also follow the same path, resulting for example in long tubuli of outer mitochondrial membrane that wrap around smaller mitochondrial units originated by fission of the inner membrane. The molecular mechanisms as well as the physiological consequences of this scenario remain to be determined.
Changes in mitochondrial shape during apoptosis: a summary
The detailed molecular events behind mitochondrial fusion and fission would not have gained tremendous interest if these were not associated with the relevant steps of mitochondrial death, namely release of cytochrome c and dysfunction of the organelle. Many other reviews have covered in detail the changes of mitochondrial shape during apoptosis (see e.p. Perfettini et al., 2005; Scorrano, 2005; Youle and Karbowski, 2005) , so here we will summarize the two main morphological changes of mitochondria in cells committed to die. In most cells, mitochondria exist as a network of interconnected organelles, but early during apoptosis this network undergoes fragmentation (Frank et al., 2001) . This apoptotic fission is causally related to cytochrome c release and dysfunction of the organelle, albeit the mechanism by which this occurs is still unclear. The importance of apoptotic fission is confirmed in the nematode Caenorhabditis elegans, where it appears so far the only mitochondrial change observed during developmental death (Jagasia et al., 2005) .
Concurrently to their fission, mitochondria undergo ultrastructural changes that include opening of the narrow tubular cristae junction and fusion of individual cristae. This results in increased availability of the cristae -endowed cytochrome c to be released across the outer membrane (Scorrano et al., 2002) . The two processes seem to be coordinated, as fission results in cristae remodelling by an yet uncharacterized mechanism (Germain et al., 2005) . A cartoon summarizing these changes and the factors promoting them is depicted in Figure 1 .
The 'liaison dangereuse': mitochondria-shaping proteins and apoptosis
We have seen that mitochondrial shape changes may be relevant for the mitochondrial pathway of apoptosis. The climax of mitochondrial participation in apoptosis is the release of cytochrome c and other proapoptotic proteins that once in the cytosol coordinate the complete activation of effector caspases. This release is controlled by proteins of the Bcl-2 family, which includes both antiand pro-apoptotic ones. In a widely accepted model, the 'BH3-only' subset of the proapoptotic members (like Bid, Bim, Bik) senses the death signal and conveys it to mitochondria, where these translocate to activate the 'multidomain' proapoptotic members like Bak and Bax (Danial and Korsmeyer, 2004) . How mitochondriashaping proteins interplay with the core apoptotic pathway remains to be elucidated, albeit some hints have started appearing. Circumstantial evidence of colocalization places Bax, Drp-1 and Mfn2 on the 'crime scene', at fission sites (Karbowski et al., 2002) . In yeast, hFis1 blocks cell death induced by acetic acid. The mechanism by which hFis1 antagonizes apoptosis in S. cerevisiae remains unclear, but studies with recombinant protein have shown that hFis1 shares with Bcl-x L the ability to release small molecules from synthetic vesicles (Fannjiang et al., 2004) . Whether mitochondriashaping proteins physically interact and regulate proand antiapoptotic members of the Bcl-2 family is unclear. Overexpression studies have shown that mitofusins interfere with activation of Bax and Bak (Sugioka et al., 2004; Neuspiel et al., 2005) , albeit these failed to show a direct interaction between these proteins. Ablation of Mfn1 does not influence multidomain activation and cytochrome c release, suggesting that Mfn2 has stronger regulatory effect on Bax and Bak (Arnoult et al., 2005a) . In apoptosis experiments following genetic modulation of levels and function of mitochondriashaping proteins, the strongest effect on cell death was associated with Opa1 (Olichon et al., 2003; Lee et al., 2004) . As Opa1 is an inner mitochondrial membrane protein facing the intermembrane space (Olichon et al., 2002) , its localization argues against the modulation of Bax, Bak activation, occurring on the outer membrane. Moreover, no interaction has been demonstrated so far with members of the Bcl-2 family. Thus, an alternative mechanism should be proposed to explain the effect of Opa1 on cell death. Given its localization, Opa1 is a natural candidate to regulate the shape of the cristae. Genetic ablation of Opa1 indeed disrupts mitochondrial ultrastructure, but it is unclear whether this occurs as a result of the activation of the apoptotic cascade or as a consequence of the inactivation of Opa1-specific function (Olichon et al., 2003) . Moreover, no evidence existed for a role of Opa1 in the cristae remodelling pathway during apoptosis and its role as a pro-fusion protein further bamboozled the scenario. We therefore examined the role of Opa1 in apoptosis in detail. A genetic approach revealed that Opa1 blocks from apoptosis independently of mitofusins, and therefore of mitochondrial fusion. This effect is granted by the ability of Opa1 to keep in check the cristae during apoptosis induced by intrinsic stimuli, as confirmed by electron tomography and measurements of cristae junctions. How Opa1 maintains the normal 18-20 nm diameter of the cristae junction (Frey and Mannella, 2000) is unclear. Other dynamin-related proteins constrict membranes from outside, but Opa1 is located inside the tubule that it should constrict. To solve this discrepancy, we followed mitochondrial sublocalization of Opa1 and found a soluble fraction of it in the intermembrane space. Interestingly, this soluble form binds to membrane-bound Opa1 to form easily detectable trimers, tetramers and probably even higher molecular weight oligomers. Of note, following BID treatment, these oligomers are disrupted, even before the activation of multidomain proapoptotics (Frezza et al., 2006) . How a soluble isoform of Opa1 was generated becomes clearer by analysing Opa1 submitochondrial distribution in ParlÀ/À mouse. The ablation of this protease results in a quasi-complete lack of soluble, intermembrane space Opa1 (suggesting that other proteases participate in this process). Opa1 oligomers do not form, cristae display larger junctions and cytochrome c is more readily available for release, resulting in increased susceptibility to apoptosis. Expression of wild-type Opa1 cannot protect ParlÀ/À cells from apoptosis. Conversely, an Opa1 mutant constitutively targeted to the IMS exerts its antiapoptotic action also in ParlÀ/À cells Frezza et al., 2006) . Thus, the complex between soluble and membrane-bound isoforms of Opa1 could represent the structure controlling the diameter of the cristae junction during apoptosis. Whether this complex is a direct target for proapoptotic members of the Bcl-2 family remains to be elucidated, but it has been reported that a fraction of Opa1 is released during apoptosis and that this could represent the mechanism leading to inhibition of fusion in cells commited to die (Karbowski et al., 2004a; Arnoult et al., 2005a) . On the other hand, soluble, intermembrane space Opa1, at a major difference from its membrane-bound counterpart, does not promote mitochondrial fusion and it is therefore unlikely that its release could represent the only mechanism promoting mitochondrial fission during apoptosis.
Other signals should participate in the recruitment of pro-fission molecules on the surface of mitochondria. Candidates include second messengers as well as proteins that are released from mitochondria in response to a death stimulus.
How do they go from here to there?
New evidences are starting to elucidate the unresolved issue of how Drp-1 is recruited to mitochondria in the course of cell death. The migration of Drp-1 presumably requires two subroutines: one involving the generation of the signal that activates the translocation programme; the other providing the physical vector to transfer Drp-1 to mitochondria.
The first subroutine has to deal with core signalling machineries of the cell and we should spend some words to place mitochondria in the context of integrated cell signalling, especially during apoptosis. Mitochondria modulate calcium signalling by regulating cytosolic Ca 2 þ transients, impinging on Ca 2 þ re-uptake by the endoplasmic reticulum and regulating Ca 2 þ entry into the cell via capacitative Ca 2 þ entry (Rizzuto et al., 2000) . The role of Ca 2 þ in apoptosis was an early discovery and many molecular details that elucidate pathways and mechanisms of the involvement of this second messenger in cell death have been added (for a review, see Orrenius et al., 2003) . A widely accepted model anticipates that cytosolic Ca 2 þ levels increase during apoptosis by selected stimuli; and proteins that regulate apoptosis, like members of the Bcl-2 family, also influence Ca 2 þ homeostasis to control death. This model is supported for example by the finding that expression of antiapoptotic Bcl-2 and Bcl-x L as well as ablation of proapoptotic Bax and Bak reduces resting endoplasmic reticulum (ER) Ca 2 þ levels (Lam et al., 1994; FoyouziYoussefi et al., 2000; Pinton et al., 2000; Li et al., 2002; Scorrano, 2003; Bassik et al., 2004) . Expression of Bax raises steady-state Ca 2 þ levels in the ER before cells are committed to die , whereas progression towards death is associated with depletion of ER stores and mitochondrial accumulation of Ca 2 þ (Nutt et al., 2002a, b) . Ca 2 þ homeostasis is at the centre stage of apoptosis modulation; but does it also regulate the association of Drp-1 with mitochondria? Recent work by Shore and colleagues provides a clue to this question. Activation of caspase 8 by death receptors cleaves BAP31, an ER protein, resulting in Ca 2 þ release from the ER and uptake into mitochondria, followed by recruitment of Drp-1 to the organelle and subsequent fragmentation. Ca 2 þ -dependent fragmentation of the mitochondrial network leads to release of cytochrome c and activation of the mitochondrial pathway of apoptosis (Breckenridge et al., 2003) . Thus, Ca 2 þ signals from the ER, following an apoptotic stimulus, promote mitochondrial fragmentation and activation of the mitochondrial pathway of death. This model is further supported by the finding that BIK, a BH3-only member of the Bcl-2 family anchored on the ER surface, induces Drp-1 recruitment to mitochondria by promoting Ca 2 þ release from the ER. This results in Drp-1-dependent cristae remodelling but not in Drp-1-mediated egress of cytochrome c from mitochondria, which occurs only after activation of the multidomain proapoptotics Bax and Bak by a 'second hit' conveyed for example by a different BH3-only protein (Germain et al., 2005) . These evidences suggest that Ca 2 þ release from the ER can mediate the association of Drp-1 with mitochondria. At the same time, the possibility that Drp-1 moves following mitochondrial dysfunction and a second, yet-unknown signal coming from damaged mitochondria remains still viable. On the other hand, mitochondrial fission could also block progression of Ca 2 þ waves along the mitochondrial network, a quite crucial feature in propagation of the apoptotic signal in large cells such as cardiomyocytes (Pacher and Hajnoczky, 2001) . This has been recently demonstrated to occur in cells that express high levels of Drp-1, where apoptosis driven by Ca 2 þ -dependent signals is inhibited as a consequence of the inability of fragmented mitochondria to convey the deadly Ca 2 þ wave across the cytoplasm . The complex relationship between Ca 2 þ and mitochondrial fragmentation during apoptosis is summarized in Figure 2 .
One appealing candidate to signal recruitment of Drp-1 to mitochondria could be the cytosolic phosphatase calcineurin, which plays an adaptor role in multiple cellular pathways, including endocytosis. We have therefore investigated whether calcineurin could play a role in Drp-1-dependent mitochondrial fission. Stimuli that induce mitochondrial dysfunction and Ca 2 þ overload increase calcineurin activity. Normally, phosphorylated Drp-1 resides in a cytosolic complex with calcineurin. Its activation results in dephosphorylation of Drp-1 and its dissociation from this complex and translocation to mitochondria. Inhibition of calcineurin blocks Drp-1-dependent fission following mitochondrial dysfunction and Ca 2 þ overload (Figure 3 ) (Cereghetti et al., 2006) . Interestingly, calcineurin plays a similar role in recruiting dynamin I to the fission neck of nascent endocytic vesicles (Liu et al., 1994) , in close resemblance to this novel calcineurin switch that contributes to the regulation of mitochondrial shape.
If Ca 2 þ is the second messenger coordinating Drp-1 recruitment, the problem of specificity is raised. In other words, how can such a universal messenger promote fission during normal life of the cell and fragmentation of mitochondria during apoptosis? One possibility is that calcineurin is effectively activated only when Ca 2 þ rises are associated with mitochondrial dysfunction. Alternatively, recruitment of Drp-1 during apoptosis requires additional components, such as proteins released from mitochondria. TIMM8a, a mitochondrial intermembrane space protein involved in protein import and mutated in the Mohr-Tranebjaerg-Jensen deafness-dystonia-optic atrophy syndrome (Koehler et al., 1999) , is co-released with cytochrome c into the cytoplasm, where it binds to and promotes the mitochondrial redistribution of Drp-1 (Arnoult et al., 2005b) . Proteins released from mitochondria could represent an efficient feed-forward loop to precipitate mitochondrial fragmentation and augment downstream events such as Drp-1-dependent cristae remodelling during apoptosis.
Following the recruitment signal, Drp-1 must physically move to sites of fission on mitochondrial membranes. Two candidates have been reported to coordinate its migration to mitochondria. The first one is represented by the retrograde motor protein complex dynein/dynactin, associated with microtubules. Dynamin-related protein 1 interacts with the dynamitin subunit of dynactin and overexpression of dynamitin results in translocation of Drp-1 from mitochondria to cytosol and microsomes (Varadi et al., 2004) . This model is substantiated by the fact that interaction between Drp-1 and dynein/dynactin takes place on microtubules, which provide the tracks for mitochondrial movement in mammalian cells (Morris and Hollenbeck, 1995) . The second theory, developed by De Vos et al. (2005) , suggests that F-actin facilitates transport of Drp-1 to mitochondria. Mitochondrial fragmentation induced by inhibitors of electron transport and ATPase is prevented by disruption of the actin cytoskeleton. One unresolved question is whether treatments that disrupt cytoskeleton can alter for example association of Drp-1 with dynein/dynamitin. Moreover, the two interacting cytoskeletal components, microfilaments and microtubules, can both cooperate in driving Drp-1 to mitochondria. Once associated with mitochondria, Drp-1 is stabilized by sumoylation. The Sumo ligases Ubc9 and Sumo1 specifically interact with Drp-1 and Sumo1 colocalizes with sites of mitochondrial fission, even after fission has occurred. Accordingly, overexpression of Sumo1 increases fission, by protecting Drp-1 from degradation (Harder et al., 2004) . Thus, once translocated to mitochondria, Drp-1 is stabilized to complete its task and fragment mitochondria.
Can mitochondrial shape changes be forced to induce apoptosis of cancer cells?
No matter how it occurs, the complete release of cytochrome c in the cytosol could be crucial to insure adequate strength of caspase activation despite their blockade by endogenous inhibitors such as the inhibitors of activation of proteases , often upregulated in cancer cells (Fong et al., 2000; Liston et al., 2003) . Interestingly, also Mfn1 is upregulated in nonsmall-cell adenocarcinoma of the lung and in other cancer cell lines, further substantiating a role for mitochondria-shaping proteins in transformation (Chung et al., 2001) . Mitochondria-shaping proteins seem therefore to be an appealing target to modulate the mitochondrial phase of apoptosis in cancer cells. One unresolved issue complicates so far approaches to target them in order to enforce apoptosis of cancer cells: we must know how they regulate the crucial event in the mitochondrial pathway of apoptosis, that is, cytochrome c release. In particular, it is unclear if and why egress of cytochrome c should be favoured from fragmented mitochondria. This question has crucial implication if one would modulate mitochondrial morphological changes in order to influence apoptosis. We believe that data support a 'unified' theory of mitochondrial morphological changes during apoptosis. This theory, demonstrated at least in the case of the BH3-only protein BIK, implies that BH3-only proteins induce fragmentation driven by pro-fission members like Drp-1, which in turn results in cristae remodelling and increased cytochrome c release (Germain et al., 2005) . To hold true, this model should pass some crucial experimental tests, dealing with the antiapoptotic effects of molecules such as mitofusins and Opa1. If Opa1 protects from apoptosis independently of its pro-fusion effects but impinging directly on cristae remodelling (Frezza et al., 2006) , the question of whether mitofusins block cristae remodelling remains open: do these prevent activation of Drp-1, or do these act at different levels, perhaps crosstalking with members of the Bcl-2 family? Some evidence would argue that Mfn2 interferes with activation of Bax and Bak (Sugioka et al., 2004; Neuspiel et al., 2005) , but much more work is needed to understand how this blockage occurs. This question is not an irrelevant one, as inhibitors of GTPase activity could have opposite effects on cell viability. If fission mediated by the GTPase Drp-1 is crucial to release cytochrome c, GTPase inhibitors should not have any beneficial effect in driving apoptosis of cancer cells. Conversely, should upregulation of mitochondria-shaping proteins such as mitofusins or Opa1 prove to be a hallmark of transformation, one could imagine that targeting them with specific inhibitors could provide a way to maximize cytochrome c release and hence apoptosis of cancer cells. Alternatively, one potential approach would be to enforce Drp-1 translocation to mitochondria by impinging on the pathways that control its translocation to the organelle and subsequent fission and release of cytochrome c.
In conclusion, mitochondria-shaping proteins are an appealing target to modulate death of cancer cells by directly attacking the mitochondrial pathway of cell death.
